Abstract. 4 We use the Dieterich (1994) physics-based approach to simulate the spatio-5 temporal evolution of seismicity caused by stress changes applied to an in-6 finite population of nucleating patches modeled through a rate-and state-7 dependent friction law. According to this model, seismicity rate changes de-8 pend on the amplitude of stress perturbation, the physical constitutive prop-9 erties of faults (represented by the parameter Aσ), the stressing rate and the 10 background seismicity rate of the study area. In order to apply this model 
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and Stein, 2003; Toda et al., 2005) . It has also been proposed as the key ingredient 46 of approaches aimed at evaluating the change in probability of occurrence of a large 47 earthquake on a specific fault caused by the coseismic stress changes generated by previous 48 earthquakes occurred nearby (Stein et al., 1997; Parsons et al., 2000) . This latter issue 49 is still controversially debated within the scientific community, since different opinions 50 exist concerning the actual capability of evaluating the changes in single-fault earthquake 51 probability through a model assuming an infinite population of nucleation patches (see 52 Hardebeck, 2004; Gomberg et al, 2005-b) .
53
In the present paper we only mention the problem of computing aftershock probability 54 through seismicity rate changes, because our focus is on computing seismicity rate changes 55 caused by coseismic stress perturbations. We do not discuss here the problem of the 56 reliable assessment of time-dependent earthquake probabilities for main shocks through 57 renewal approaches. Our main goal is to discuss the ability to forecast seismicity rate 58 changes through a physics-based model, in order to assess its relevance for society.
59
This paper presents the results of research activities matured in the framework 60 of two projects, namely NERIES (Network of Research Infrastructures for pean Seismology, www.neries-eu.org) and SAFER (Seismic Early Warning for Europe, 62 www.saferproject.net), funded by European Community within the sixth framework pro-63 gram. We have faced the challenging task to perform a retrospective testing experiment 64 to forecast aftershocks patterns using the 1992 Landers earthquake as a case study. While
Methodology
In this section we summarize the methodologies commonly adopted to compute
75
Coulomb stress changes and to forecast seismicity rate changes through the Dieterich's 76 model. The main goal is to point out the most important physical parameters that have 77 to be constrained in order to perform robust applications to real study cases taking into 78 account the correlation between the model parameters. 
Computing Coulomb stress changes
Coulomb stress changes (∆CF F ) are calculated through the following relation:
where ∆τ is the shear stress in the direction of slip on the assumed causative fault plane, ∆σ n is the normal stress changes (positive for unclamping or extension), µ is the friction coefficient and ∆P is the pore pressure change (see Harris, 1998; King and Cocco, 2001 ). The relation used to compute the coseismic pore pressure changes distinguishes the constant apparent friction model from the isotropic poroelastic model (Cocco and Rice, 2002) . According to the former model, pore pressure changes depend on the normal stress changes ∆P = −B∆σ n , where B is the Skempton coefficient which varies between 0 and X -6 COCCO ET AL.: AFTERSHOCK FORECAST TESTING 1 (Beeler et al., 2000; Cocco and Rice, 2002 and references therein) . Therefore, using this model, equation (1) can be written as
where µ = µ(1 − B) is usually called the effective friction coefficient. On the contrary, the isotropic poroelastic model assumes that pore pressure changes depend on the volumetric stress changes (first invariant of the stress perturbation tensor) ∆P = −B(∆σ kk /3), and therefore equation (1) becomes:
Thus, in both equations (2) and (3) is commonly not considered since equation (2) is widely adopted to compute seismicity 86 rate changes (see Beeler et al., 2000) . 
Resolving Coulomb stress changes onto receiver faults
The calculation of Coulomb stress changes requires the definition of the geometry and 88 the faulting mechanism of the target faults upon which stress perturbations are resolved.
89
Two approaches are commonly adopted; the first one relies on resolving stress changes 90 onto a prescribed faulting mechanism (that is, to assign strike, dip and rake angles of the 91 target faults). This means that fault geometry and slip direction are input parameters We briefly describe here the Dieterich (1994) model to compute the changes in the rate of earthquake production caused by coseismic stress perturbations. The seismicity rate R after the application of a stress perturbation is a function of the state variable γ, stressing rateτ and the background seismicity rate r (see also Toda and Stein, 2003 and Toda et al., 2005) :
Under a constant stressing rate without stress perturbations, the state variable is at the steady state and takes the value
which according to (4) gives R = r. This implies that, in absence of any stress perturbation, the seismicity rate at the steady state is given by the background rate of earthquake production. We assume here that the stressing rate does not change before and after the main shock, being equal toτ . Following Dieterich (1994) the rate R can be interpreted as a statistical representation of the expected rate of earthquake production in a given magnitude range. An applied stress perturbation to the fault population modifies the seismicity rate through the evolution of the state variable given by: where γ n−1 and γ n are the values of the state variable just before and after the applied stress change (S), respectively. Aσ is the constitutive parameter of the rate-and statedependent law governing fault friction; we remind here that σ is the effective normal stress also named σ ef f in the following of the text. The evolution of state variable is governed by the following law:
where S in (6) and (7) is the "modified" Coulomb stress change S = ∆CF F and it is given by (Dieterich et al., 2000; Catalli et al., 2008 and references therein):
where Coulomb stress computations [see (1) and also Harris, 1998 ].
124
A positive stress perturbation caused by an earthquake occurred nearby will decrease the state variable γ, so that the target fault slips at higher rate. A drop in the state variable results in an increase in the seismicity rate. According to the Dieterich (1994) model, the state variable γ increases with time after the stress changes according to
where ∆t is the time elapsed after the stress perturbation and γ n is calculated through seismicity" rate as a time independent smoothed seismicity rate computed in a prescribed 158 time window using a declustered catalog.
159
Different procedures can be applied for declustering a seismic catalog. In the present study we adopt the background rate measured through the ETAS model (Ogata, 1988; 1998) following the method proposed by Zhuang et al. (2002) . The ETAS model defines the seismicity rate at time t and location (x, y) as the sum of two contributions
where µ(x, y) is the time independent spatially non-uniform background seismicity rate, K 160 andα are the productivity parameters related to the numbers of events triggered by each 161 earthquake, c is a time constant and the exponent p controlling the decay of the sequence.
162
M c is the completeness magnitude, while i identifies the triggering event occurring at time the epicenter of the i − th earthquake (x i , y i ) and c dq is a normalization factor. Therefore, 166 using the ETAS model we can measure the spatially non-uniform (i.e., clustered in space)
167
background seismicity rate as r = µ(x, y).
168
The definition and the measure of a reference or a background seismicity rate is still in the 8 years (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) preceding the 1992 main shock using the Frankel (1995) 
193
The background seismicity rate has been computed through equation (10) background seismicity rate is a good assumption to forecast seismicity rate changes. The between the values of the estimated background and reference seismicity rates (see Figure   221 3 dashed curves). A different application performed by using spatially inhomogeneous 222 seismicity rates shows that the difference between the seismicity rate forecast performed 223 by using r(x, y) for the Landers and Big Bear shocks is significantly larger than that 224 obtained by using the non-uniform background rate µ(x, y) (see Figure 3 solid curves)
225
as well as those inferred by adopting the spatially uniform mean values (dashed curves).
226
However, it is important to emphasize that this result cannot be extrapolated to other 227 areas.
228
We have performed similar calculations to study the 1997 Kagoshima (Japan) earth-229 quake pair (see Toda and Stein, 2003) . Two strike slip earthquakes (M ∼ 6) struck the
230
Kagoshima prefecture (Japan) in 1997; they were just 4 km and 48 days apart and pro- Figure 4 shows the spatial distribution of the reference (left panel) and background
238
(right panel) seismicity rates for the Kagoshima area, which displays evident differences.
239
The mean value of the reference seismicity rate is 7. Figure 5 ). The seismicity rate forecast performed by using the uniform reference rate is 245 larger than that obtained for the non-uniform reference rate and the opposite is found for 246 forecasted seismicity rate changes inferred by using the background rates (constant and 247 spatially non-uniform).
248
This apparent paradox can be explained by considering that the signs of the Coulomb 249 stress changes affect the computed cumulative number of triggered aftershocks. A high 250 reference seismicity rate in a stress shadow area will not produce any enhanced seismicity 251 rate changes. On the contrary, a higher reference rate in a region of enhanced Coulomb 252 stress will produce a significant increase of seismicity rate. Therefore, the expected seis-253 micity rate change will strongly depend on the spatial correlation between applied stress 254 changes and the background or reference seismicity rates. In particular, high seismicity 
Aσ and the stressing rate
The effects of individual input parameters in the Dieterich model have been previously discussed in the literature (see Belardinelli et al., 1999; Toda and Stein, 2003; Catalli et al., 2008 , and references therein). Indeed, it is well known that Aσ controls the instantaneous increase of the seismicity rate: the smaller the Aσ value the larger the seismicity rate change. Equations (6) and (7) show that this parameter controls both the instantaneous change and the following evolution of the state variable γ. Console et al. (2006) and Catalli et al. (2008) have shown that the total number of triggered events over infinite times does not depend on Aσ. Indeed, the time integral of the net rate of promoted seismicity R (t) = R(t) − r over infinite times is given by
According to this relation the net number, N ∞ , of promoted earthquakes over infinite 279 times depends only on the background rate, the stressing rate and the Coulomb stress 280 perturbation.
281
The role of the stressing rate on the predicted seismicity rate changes has been already discussed in the literature (see Toda et al., 2002; Llenos et al., 2009) . It is evident from equations (5) and (9) that the stressing rateτ controls the state variable evolution before and after the stress perturbation. The stressing rate is of particular importance for modeling the seismicity rate changes and the Omori-like aftershock decay because it controls for a given Aσ the duration of the aftershock sequence. Indeed, one of the relevant implications of the Dieterich (1994) approach is that the aftershock duration t a X -18 COCCO ET AL.: AFTERSHOCK FORECAST TESTING does not depend on the magnitude of the main shock and it is controlled by
Thus, the rate-and-state dependent friction model for seismicity rate changes can equiv-282 alently be stated by the three parameters r, Aσ, t a instead of r, Aσ,τ . Finally, despite 283 equation (11) predicts that the total number of triggered events over infinite times does 284 not depend on Aσ, we emphasize that for time periods shorter than t a , the adopted Aσ 285 value affects the cumulative number of triggered earthquakes. 
Correlations between parameters
The model parameters are strongly correlated for physical and statistical reasons. Based on the the balance of seismic moment release, Catalli et al. (2008) deduced an analytically approximate relation to link the stressing rate to the reference seismicity rate, under the assumption that r accounts for all the events in a given magnitude range without
where r is the reference seismicity rate, M * 0 the seismic moment of the magnitude M * reference seismicity rate) implies a spatially variable aftershock duration time t a . This in 295 turns impacts the forecasted seismicity rate changes.
296
In addition, relation (13) and equation (11) 
307
According to the Dieterich (1994) model, the seismicity rate changes caused by a stress perturbation S (at time t = 0) can be also written in the following way, which is equivalent to (4),
Using relation (12) and defining ψ = exp −
S Aσ
, we can write (14) as
which for t t a becomes After simple rearrangements (16) is written as
which is the Omori law with a p-value equal to 1, the c-value is given by
and the productivity by
These equations show that the productivity depends not only on the stressing rate (see 
311
If the stress jump is large compared to the parameter Aσ, then 1 − ψ ≈ 1 and the
312
Omori parameters become c exp(−∆S/Aσ) · t a and K rt a (see Dieterich, 1994) . For 313 c < t t a , the rate decays according to R ≈ K/t and thus if the t a is changed by a 314 factor κ, the background rate r has to be changed by a factor 1/κ to fit the same observed 315 decay. To get a similar fit on short time scales (t t a ), the c-value should be also the 316 same. Our calculations imply that for a spatially uniform background rate r and tectonic 317 loadingτ , the aftershock duration t a is also uniform but not the productivity Kand the 
328
Using the constraints from observations of the earliest aftershocks, namely the K and c-value, the only free parameter that remains in (14) is t a . Taking equations (18) and (20), we can express r and ψ as a function of the aftershock duration time t a , ψ = c/(c + t a ) and r = K/(c + t a ), and we get
which holds for t < t a . rate changes computed for the prescribed receivers and the OOPs models. As expected 361 the largest difference is found around the causative faults.
362
The difference between forecasted rates of earthquake production computed adopting
363
OOPs and prescribed receivers is evident also in the aftershock decay following the main 364 shock. Figure 10 shows the decay rate of aftershocks predicted through mean stress 365 changes (averaged between values estimated at 7 and 11 km depth, as in Figure 8 ) resolved 366 onto OOPs (red curves) and onto prescribed receivers (blue curves). Dashed curves display 367 the aftershock decay in areas which experienced mean stress changes smaller than 0.5 MPa,
368
while solid curves show the whole aftershock decay for unconstrained stress perturbations.
369
This figure suggests that the difference decreases for increasing time after the main shock.
370
The peak in the aftershock decay shown in Figure 10 is the seismicity rate change caused 371 by the Big Bear aftershock.
372
In some previous studies (Toda et al., 2003; Steacy et al., 2004 ) the authors proposed 373 excluding seismicity close to the causative faults in order to improve the forecasted seis-374 micity rate changes. Figure 10 shows the consequences of limiting the computed Coulomb 375 stress changes, which indirectly corresponds to excluding near-fault regions. This figure   376 suggests that the choice of this simulation strategy has important implications on the 377 predicted temporal decay of early aftershocks. 
385
We use the Dieterich (1994) model which is widely used to simulate the changes in the 386 rate of earthquake production caused by stress changes. In this study we focus on the 387 main input parameters of the Dieterich's approach: the physical constitutive properties of 388 faults (represented by the parameter Aσ), the stressing rate and the reference seismicity An important choice is the definition of the background seismicity rate, in particular, 406 the use of declustered or non-declustered precursory seismicity and its spatial variability.
407
Despite the use of spatially variable reference or background seismicity rates is physically seismicity rates to forecast the rate of earthquake production.
415
Assuming a constant background seismicity rate has also implications on the stressing stressing rate seems to be preferable together with a spatially uniform reference seismicity 423 rate. These considerations also suggest to conclude that using the background seismicity 424 rate instead of the reference rate is a more effective assumption to forecast the rate of 425 earthquake production. This will also guarantee to better satisfy the assumption of a 426 stationary seismicity rate before the application of the stress perturbation. rates and green curves shows those performed by using the background seismicity rate. 
